Poly(sulfur-random-(1,3-diisopropenylbenzene)) Based Mid-Wavelength Infrared Polarizer: Optical Property Experimental and Theoretical Analysis by Berndt, Aaron J. et al.
ACCEPTED MANUSCRIPT
Poly(sulfur-random-(1,3-diisopropenylbenzene)) Based Mid-Wavelength Infrared 
Polarizer: Optical Property Experimental and Theoretical Analysis
Aaron J. Berndt,a,† Jehwan Hwang,b,† Md Didarul Islam,c Amy Sihn,d,e Augustine M. Urbas,d,* Zahyun Ku,d,* Sang J. 
Lee,i David A. Czaplewski,f  Mengyao Dong,g,h Qian Shao, j Shide Wu,k Zhanhu Guo,h,*  and Jong E. Ryua,c,*
a Department of Mechanical Engineering, Indiana University-Purdue University Indianapolis, 799 W. Michigan St., 
Indidnapolis, IN 46202, USA
b Division of Industrial Metrology, Korea Research Institute of Standards and Science, 267 Gajeong-ro, Yuseong-gu, 
Daejeon 34113, Korea
c Composites Manufacturing Laboratory (CML), Department of Mechanical and Aerospace Engineering, North 
Carolina State University, 911 Oval Drive, Raleigh, NC 27695, USA
d Materials and Manufacturing directorate, Air Force Research Laboratory, WPAFB, OH 45433, USA
e Department of Electrical Engineering and Computer Science, Vanderbilt University, 2301 Vanderbilt Pl, Nashville, 
TN 37235, USA
f Center for Nanoscale Materials, Argonne National Laboratory, 9700 S. Cass Avenue Lemont, IL 60439, USA
g Key Laboratory of Materials Processing and Mold, Ministry of Education; National Engineering Research Center 
for Advanced Polymer Processing Technology, Zhengzhou University, Zhengzhou, 450002, China
h Integrated Composites Laboratory (ICL), Department of Chemical & Biomolecular Engineering, University of 
Tennessee, Knoxville, TN 37996, USA
i Division of Industrial Metrology, Korea Research Institute of Standards and Science, 267 Gajeong-ro, Yuseong-gu, 
Daejeon 34113, Korea
j College of Chemical and Environmental Engineering, Shandong University of Science and Technology, Qingdao, 
Shandong, 266590, China
k Henan Provincial Key Laboratory of Surface and Interface Science, Zhengzhou University of Light Industry, No. 
136, Science Avenue, Zhengzhou, 450001, China
*Corresponding author:
E-mail: jryu@ncsu.edu (J. R.); augustine.urbas@us.af.mil (A. U.); zahyun.ku.1.ctr@us.af.mil (Z. K.); and
zguo10@utk.edu (Z.G.)
†These authors contributed equally.
___________________________________________________________________
This is the author's manuscript of the article published in final edited form as:
Berndt, A. J., Hwang, J., Islam, M. D., Sihn, A., Urbas, A. M., Ku, Z., … Ryu, J. E. (2019). Poly(sulfur-random-(1,3-
diisopropenylbenzene)) based mid-wavelength infrared polarizer: Optical property experimental and theoretical analysis. 
Polymer, 176, 118–126. https://doi.org/10.1016/j.polymer.2019.05.036
ACCEPTED MANUSCRIPT
2
ABSTRACT
Development of polymer based mid-wavelength infrared (MWIR) optics has been limited mainly due to high optical 
loss of organic polymers used in general optical components. In this study, a MWIR polarization grating based on a 
sulfuric polymer poly(sulfur-random-(1,3-diisopropenylbenzene)) with a low loss in the MWIR range was fabricated 
using a simple two-step process: imprint and metal deposition. Fourier-transform infrared (FTIR) spectroscopy 
measurement showed that this polymeric MWIR polarizer selectively transmitted the polarized IR in transverse 
magnetic (TM) mode over the transverse electric (TE) mode at normal incidence. The measured extinction ratios (  = 𝜂
The ratio of transmissions in TM and TE) were 208, 176, and 212 at the wavelength of 3, 4, and 5 µm, respectively. 
The computational simulation and analytical model confirmed that the enhanced TM transmission efficiency and  𝜂
followed a Fabry-Pérot (FP) resonance mode within the created sulfuric polymer film. This polymeric MWIR polarizer 
demonstrated a great potential for broader applications in IR photonics to realize low-cost and durable optical 
components.
KEYWORDS: sulfur polymer; Fabry-Pérot resonance; polarizer.
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1. Introduction
Mid-wavelength infrared (MWIR, 3-5 µm) sensors are widely used for a variety of applications including 
non-invasive medical diagnostics, gas detection, night vision, and thermal track and search [1-4]. In particular, there 
have been growing interests in the polarimetric imaging for MWIR because the visualization of polarization provides 
additional information such as surface feature, shading, and roughness. Further, the IR polarimetry has potential to 
distinguish radiation from synthetic objects surrounded by complex natural backgrounds, i.e. camouflage [5-8]. Due 
to the fast response and high sensitivity, state-of-the-art MWIR sensors are based on photon detectors such as HgCdTe, 
InSb, quantum-well, quantum-dot, and type-II superlattice based IR photodetectors [9-11]. Inherently, those 
photodetectors lack the wavelength and polarization selectivity. In order to detect MWIR signal with a linear 
polarization characteristic, a wire-grid polarizer has been used in the IR sensor systems.  For the MWIR wire-grid 
polarizer fabrication, two methods have been generally applied. First, a linear wire-grid is formed by mechanically 
ruling the MWIR transparent substrates and subsequently depositing conductive film (e.g., aluminum) at an oblique 
angle to generate parallel conductive wires at the peaks of the ruled grooves [12,13]. In the second technique, the wire-
grid polarizers are fabricated by etching a pre-coated conductive film on the MWIR transparent substrate with a 
patterned photoresist mask, which is generated by the nanolithography technologies such as the interference 
lithography (IL) [14] and the nanoimprint lithography (NIL) [15-17]. In common, those commercial MWIR polarizers 
are fabricated on inorganic materials such as BaF2, CaF2, KRS-5, ZnS, and ZnSe, which possess high refractive index 
(RI) and high transmission in the MWIR regime [18].  However, they are intrinsically expensive, brittle, and costly to 
manufacture into optical components including the polarizers [19-22]. 
Although the development of polymer-based MWIR optics has been challenged due to the low RI and high 
optical loss of organic materials [22], there have been growing interests in developing MWIR optical polymers to take 
advantages of polymers including lightweight, mechanical impact strength, and low-cost manufacturing process 
compared with the inorganic materials. Of note, polycarbonate (PC) and poly(methyl methacrylate) (PMMA) have 
been adopted in the ‘visible light’ (400 nm  700 nm) applications replacing the conventional optical glasses ≤ λ ≤
due to those advantages [23-27].
Sulfur element based polymers have recently been synthesized and demonstrated high RI and MWIR 
transparency [22,28-32]. The sulfur-based copolymer consists of elemental sulfur chains interconnected with a cross-
link agent 1,3-diisopropenylbenzene (DIB). The sulfur-organic copolymers showed good chemical and mechanical 
ACCEPTED MANUSCRIPT
4
processability, and high MWIR transmission compared to the conventional polymer materials used in optics (e.g., 
PMMA and PC) since the sulfur-element backbone reduces the vibrational absorption caused by heteroatom-hydrogen 
bonds, such as C-H and O-H [25,26,33-35]. However, this novel polymer has not been fabricated into a practical 
MWIR optical component yet. 
In this paper, a polymeric MWIR linear polarizer based on the organically modified sulfur polymer, 
poly(sulfur-random-(1,3-diisopropenylbenzene)) (poly(S-r-DIB)), was fabricated for the first time through a simple 
two-step manufacturing process: imprint and deposition. The transmissions of the MWIR waves polarized in 
transverse magnetic (TM) and transverse electric (TE) modes were characterized by Fourier transform infrared 
spectroscopy (FTIR). The underlying mechanism of the sulfur-polymeric grating (SPG) polarizer was also 
theoretically analyzed with 3-dimensional (3D) full field simulations, a multiple-layer model, and the Fabry-Pérot 
(FP) cavity resonance. While the novelty of this study is the invention of polymer based MWIR polarizer, in-depth 
theoretical analysis on the optical characteristics and the error due to fabrication are presented. 
2. Materials and Methods
2.1 Sulfur polymeric MWIR grating fabrication
The poly(S-r-DIB) (35 wt% S) was synthesized through a method previously shown in the literatures [22,28-
32]. Elemental sulfur (Sigma Aldrich) was used without further treatment. Sulfur in the powder form was melt in an 
oil bath at 185 ℃. The color and viscosity changes (yellow to red) were caused by the formation of an anion species 
during the ring opening of elemental sulfur [36]. A crosslinking agent, 1,3-diisopropenylbenzene (DIB, Sigma 
Aldrich), was measured and added to molten sulfur. The mixture was stirred by magnetic stirring bar until it became 
viscous. Then, the mixture was placed in an oven for 15 min at 175 ℃ to complete the reaction. Air-cooled and 
solidified copolymer was dissolved in 1,2-dichlorobenzene (DCB, ACROS Organics) with a 1 g/mL concentration for 
further coating processes. This concentration determined the thickness of spin-coated film. 
Subwavelength polarizer gratings were imprinted on the poly(S-r-DIB) film by imprinting a 
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) mold. A silicon master mold for the PDMS replication 
was fabricated by the electron beam lithography (EBL) and reactive ion etching (RIE) of the silicon wafer. The pitch, 
width, and height of the gratings in the silicon master mold were 1 µm, 300 nm, and 300 nm, respectively. Degassed 
PDMS resin was cast on the silicon master mold and cured at 65 ℃ for overnight. The poly(S-r-DIB) solution was 
spin-coated on a 300-µm thick double side polished (DSP) silicon wafer. The thin film of poly(S-r-DIB) was imprinted 
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with the PDMS mold at 7-10 psi pressure and 180 ℃ for 1 hr. Finally, the PDMS mold was removed from the cooled 
wafer, and the Cr/Au (5 nm/50 nm) was deposited by an electron beam evaporator with 0.5 /s rate. Both PDMS mold Å
and silicon master mold were treated with a hydrophobic self-assembled molecule layer of 1H,1H,2H,2H-
perfluorooctyl-trichlorosilane (CF3(CF2)5CH2CH2SiCl3, Sigma Aldrich). 
2.2 Measurement and Simulation
50 µm of poly(S-r-DIB) film on the DSP silicon wafer was used for the transmission measurement with 
Fourier-transform infrared spectroscopy (FTIR, ThermoFisher Scientific, Nicolet iS50) with a resolution of 2 cm-1 
using a nitrogen-cooled mercury-cadmium-telluride detector. Holographic wire-grid polarizer with ZnSe substrate 
material was used for linear polarization of the incident light to the samples. FTIR measurements were taken at normal 
incidence. The cross-sections of Au-SPG were characterized with the scanning electron microscope (SEM, JEOL 
7800F). Numerical simulations using CST Microwave Studio and COMSOL Multiphysics, which use the finite 
integration technique (FIT) [37,38] and the finite element method (FEM) [39-41], respectively, were carried out to 
obtain the solution of Maxwell’s equation. In the simulation,  = 3.4 and  = 1.9 were used for the refractive 𝑛𝑆𝑖 𝑛𝑆𝑃𝐺
indices for silicon and SPG, respectively. The Au thin-film was described by the Drude model with plasma frequency 
(  = 9.03 eV) and collision frequency (  = 0.038 eV) [42].ωp 𝜔𝑐
3. Results and Discussion
The poly(S-r-DIB) fabricated for this study contains 35 wt% of sulfur, and the bare film (thickness: 50 µm) 
shows high FTIR transmittance in MWIR (Fig. 1). High transmission of the poly(S-r-DIB) film in the MWIR proves 
its feasibility as a polymeric substrate material of MWIR optics such as the wire-grid polarizers.  
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Fig. 1. Synthesis of poly(S-r-DIB) solution for micro/nanofabrication. (a) Elemental sulfur to the poly(S-r-DIB) 
solution in DCB. (b) Transmission spectra of poly(S-r-DIB) film (35 wt% S) on silicon substrate.
Various configurations of Au-SPG plasmonic polarizers were considered in the design stage. The tested 
grating structures noted as ‘A’, ‘B’, ‘C,’ and ‘D’ are shown in Fig. 2. The simulation of the polarization performance 
was conducted with CST Microwave Studio for the variety of structure configurations.
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Fig. 2. Au grating configurations (A-D) with various poly(S-r-DIB) structures. Dimensions used in the computational 
simulation are shown (unit: µm). This thickness of Au is 50 nm.
In Fig. 3, the configurations A and C have a similar low TM transmission performance with the dip at 3.4 
µm due to the surface plasmon (SP) resonance at the interface of Au and Si substrate. This dip is reflected in the 
extinction ratio (𝜂 = the ratio of transmissions in TM and TE). On the other hand, the Au grating on the poly(S-r-
DIB) fins in the configuration C reduces TE transmission, and therefore enhances the extinction ratio (η) compared 
with the configuration A. Comparing configurations B and C, the B shows a higher transmissions in TE mode, 
which result in a lower extinction ratio (𝜂 < 10) across the wavelength range of interest. The C has Au grating layers 
both on the Si substrate as well as on the poly(S-r-DIB) fins, while the B has Au gratings only on the poly(S-r-DIB) 
fins. Higher TM transmission and lower TE transmission of the configuration C (Fig. 3a) is resulted from the 
surface plasmon resonance at the Au and Si interface, which is absent in the configuration B. Unlike other three 
configurations, the configuration D has the poly(S-r-DIB) thin film between the Au gratings and silicon substrate, 
which results in a distinctive TM transmission peak at 3.6 µm and the lowest TE transmission among the tested 
samples. The transmissions in the 1st order diffraction, T +/ ― 1, were estimated with COMSOL Multiphysics, and the 
use of COMSOL was validated by comparing the 0th order diffraction transmissions with the CST Microwave 
Studio (Fig. 3d). COMSOL (symbol) and CST (solid line) both show almost identical results for the 0th order 
diffraction transmission (𝑇0) (Fig. 3d). While the configurations A and C show a significant 1st order diffraction in 
the shorter wavelength regime (λ < 3.4 µm, the wavelength of first order SP resonance), the configurations B and D 
have a negligible 1st order diffraction, which is a desirable characteristic as a polarizer. Based on the computational 
simulation, the configuration D, where the bilayer Au-SPGs are on the poly(S-r-DIB) thin film, was selected for the 
fabrication and demonstration due to the high TM transmission, high extinction ratio, and nearly zero 1st diffraction 
order transmission. 
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Fig. 3. Four grating configurations and computational simulation of transmissions (Dimensions of A-D configurations 
are shown in Fig. 2). (a) TM transmission. (b) TE transmission. (c) Extinction ratio (η). (d) The 0th order diffraction (𝑇0
) calculated by CST and COMSOL (top) and the 1st order diffraction transmission ( ) estimated with COMSOL.𝑇 +/ ― 1
Fig. 4 illustrates the fabrication processes and results of the bilayer Au-SPG with the thin poly(S-r-DIB) film 
on silicon substrate. In brief, spin coated poly(S-r-DIB) film in the target thickness was imprinted with a PDMS stamp 
at an elevated temperature and pressure. Bilayer Au gratings were obtained by subsequently depositing the Cr/Au film 
on the imprinted SPG. The cross-sections of nanoimprinted poly(S-r-DIB) film before and after the Cr/Au deposition 
are shown in the scanning electron micrographs (Fig. 4d and 4e). Designed pitch (p), grating width (w), grating height 
(tsg), and poly(S-r-DIB) thickness (tsf), and Au thickness (tAu) for this experiment were 1000 nm, 250 nm, 300 nm, 
1000 nm, and 50 nm, respectively. While the intended design was a rectangular cross-section, the actual imprinted 
gratings had round edges and angled-sidewalls. The factors affecting nanoimprint profile include the polymer 
thickness, imprint pressure, mold aspect ratio, and thermodynamic characteristics of the polymer [43]. If accurate 
ACCEPTED MANUSCRIPT
9
grating shape is a critical factor for the performance of the plasmonic polarizer, a comprehensive design optimization 
process with the mold shape (e.g., pitch, grating height, etc.), process parameters (e.g., imprinting pressure, 
temperature, time, polymer thickness, etc.), and material properties (e.g., sulfur content, PDMS mold stiffness, etc.), 
will be required as a subsequent study. Here, the effect of actual imprint profile on the polarizer performance is 
analyzed in the following sections.
1 µm
Imprint
Si (DSP)
Si (DSP)
PDMS mold
poly(S-r-DIB)
poly(S-r-DIB)
(Heat, Pressure)
Si (DSP)
Au evaporation
Au
tsf
tsg
tAu
Poly(S-r-DIB)
Si1 µm
p
(a)
(b)
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(d)
(e)
Fig. 4. Fabrication of bilayer Au grating on the sulfuric polymer. (a) Spin coating poly(S-r-DIB) on a DSP silicon 
wafer. (b) Thermal nanoimprint lithography (NIL) with the PDMS mold. (c) Deposition of Cr/Au (5 nm/50 nm) on 
the imprinted substrate. (d) Cross-section SEMs after NIL and (e) after metal film deposition (inset: the top-view of 
the Au gratings).
The transmissions of linearly polarized MWIR through the bilayer Au-SPG were measured by the FTIR. All 
FTIR measurements were taken at normal incidence to the samples. The transmission spectra for TM and TE, and the 
extinction ratio ( ) for the bilayer Au-SPG are shown in Fig. 5. The transmissions of TM (TE) polarized MWIR are 𝜂
0.25, 0.31, and 0.24 (0.0012, 0.0018, and 0.0011) at a wavelength of 3, 4, and 5 µm, respectively. Therefore, the 
extinction ratios at 3 µm, 4 µm, and 5 µm of wavelengths are calculated to be 208, 176, and 212, respectively (Fig. 
5b). The overall trend of measured TM transmission agrees well with the simulation (CST Microwave Studio) result 
while the TE transmissions show larger disparity (Fig. 5c). Measured TE transmission showed relatively small 
changes across the wavelength. However, the TE transmission in simulation consistently decreases from 5 × 10-4 to 5 
× 10-5 in the 4 µm and 6 µm range. This decrease in TE transmission results in upward trend in the extinction ratio at 
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the longer wavelength than 4 µm (Fig. 5d). The discrepancy in transmission intensities may be induced by 
the imperfections and errors in the fabrication that were mentioned above. 
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Fig. 5. (a) FTIR-measured transmission (black: TM, blue: TE). TM- and TE-directions are illustrated in the inset. (b) 
Extinction ratio calculated using the measurement results ( ). (c) CST-simulated transmission. (d)𝜂 = 𝑇𝑇𝑀 𝑇𝑇𝐸
Extinction ratio obtained using the simulation results.
For a better understanding of the response of the bilayer Au-SPG film on silicon wafer, the transmission and 
reflection of the composite structure were analyzed with a multiple-layer model based on the transfer matrix method 
[38,44-46]. The overall transfer matrix ( ) can be obtained by multiplying the transfer matrix of each layer, 𝑀𝑡𝑜𝑡 𝑀𝑡𝑜𝑡 =
 where , , and  are the transfer matrices for the 1) air/Au SPG, 2) poly(S-r-DIB) film, and 3)  M1 ∙ M2 ∙ M3, M1 𝑀2 𝑀3
poly(S-r-DIB)/silicon configurations, respectively [44]. Those transfer matrices are calculated by following 
procedure. 
I 
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The general transfer matrix described by the S-parameters is [47]: 
(1)𝑀 = (𝑆12 ― 𝑆11𝑆22 𝑆21 𝑆11 𝑆21― 𝑆22 𝑆21 1 𝑆21 )
where  represents the response at port  due to a signal at port . Therefore, in this study,  and  are the 𝑆𝑖𝑗 𝑖 𝑗 𝑆12 𝑆21
transmission coefficients in forward and backward directions. Similarly,  and  are the reflection coefficients at 𝑆11 𝑆22
the front and backsides of the interfaces, respectively. The reflection/transmission coefficients with corresponding S 
parameters at each layer are illustrated in Fig. 6.
t12 = S21r21= S22
r12= S11
t21 = S12
r23= S11
r32= S22
t23 = S21
t32 = S12
S21 S12
(a) (b) (c)
Au-SPG
Air / Au-SPG poly(S-r-DIB) poly(S-r-DIB) / Si
Fig. 6.  Transmission and reflection coefficients in -parameters in the decoupled structures corresponding to (a) , 𝑆 𝑀1
(b) , and (c)  transfer matrices.𝑀2 𝑀3
Therefore, the transfer matrix  can be written as𝑀1
 (2)𝑀1 = (𝑡21 ― 𝑟12𝑟21 𝑡12 𝑟12 𝑡12― 𝑟21 𝑡12 1 𝑡12 )
where r12 and r21 are the reflection coefficients of the Au-SPG at the air and poly(S-r-DIB) film sides, respectively. 
t12 and t21 are the transmission coefficients for the electromagnetic wave propagating through the Au-SPG from air 
and from poly(S-r-DIB) film, respectively [44,45,48]. For , the poly(S-r-DIB) layer was modeled to present only 𝑀2
propagations of transmitted light. The phase of propagating wave was added by the propagating phase factor, 𝛽 =
where , , and  are the refractive index of poly(S-r-DIB), the wave vector, 𝑛poly(S ― 𝑟 ― DIB) ∙ 𝑘 ∙ 𝑡𝑠𝑓 𝑛poly(S ― 𝑟 ― DIB) 𝑘 𝑡𝑠𝑓
and the thickness of the poly(S-r-DIB) layer, respectively. Therefore, the  and  in the poly(S-r-DIB) layer can 𝑆21 𝑆12
be described by
(3)𝑆21 = 𝑡12𝑒𝑖𝛽𝑡12 = 𝑒𝑖𝛽
(4)𝑆12 = 𝑡32𝑒𝑖𝛽𝑡32 = 𝑒𝑖𝛽
Since  and  are not considered in the poly(S-r-DIB) layer, the  is reduced to𝑆11 𝑆22 𝑀2
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(5)𝑀2 = (𝑒𝑖𝛽 00 𝑒 ―𝑖𝛽)
Similarly, can be written as follows:𝑀3 
(6)𝑀3 = (𝑡32 ― 𝑟23𝑟32 𝑡23 𝑟23 𝑡23― 𝑟32 𝑡23 1 𝑡23 )
Where r23 (t23) and r32 (t32) are coefficient of reflection (transmission) at the interface for the wave propagating from 
the poly(S-r-DIB) and from the silicon substrate, respectively [44,45,48].
The overall transfer matrix can be calculated to be 
𝑀 = 𝑀1 ∙ 𝑀2 ∙ 𝑀3 = (𝑡21 ― 𝑟12𝑟21 𝑡12 𝑟12 𝑡12― 𝑟21 𝑡12 1 𝑡12 ) ∙ (𝑒𝑖𝛽 00 𝑒 ―𝑖𝛽) ∙ (𝑡32 ― 𝑟23𝑟32 𝑡23 𝑟23 𝑡23― 𝑟32 𝑡23 1 𝑡23 )
= ((𝑡21 ― 𝑟12𝑟21𝑡12 )(𝑡32 ― 𝑟23𝑟32𝑡23 )𝑒𝑖𝛽 ― (𝑟12𝑟32𝑡12𝑡23)𝑒 ―𝑖𝛽 (𝑡21 ― 𝑟12𝑟21𝑡12 )(𝑟23𝑡23)𝑒𝑖𝛽 + ( 𝑟12𝑡12𝑡23)𝑒 ―𝑖𝛽― (𝑟21𝑡12)(𝑡32 ― 𝑟23𝑟32𝑡23 )𝑒𝑖𝛽 ― 𝑟32𝑡23𝑡12𝑒 ―𝑖𝛽 ― (𝑟21𝑟23𝑡12𝑡23)𝑒𝑖𝛽 + ( 1𝑡12𝑡23)𝑒 ―𝑖𝛽 )
(7)= (𝑆12 ― 𝑆11𝑆22 𝑆21 𝑆11 𝑆21― 𝑆22 𝑆21 1 𝑆21 )
The overall reflection coefficient, , can be calculated by dividing  with  in (7). 𝑆11 𝑆11 𝑆21 1 𝑆21
(8)𝑆11 = 𝑟 = 𝑆11 𝑆211 𝑆21 = (𝑡21 ― 𝑟12𝑟21𝑡12 )(𝑟23𝑡23)𝑒𝑖𝛽 + ( 𝑟12𝑡12𝑡23)𝑒 ―𝑖𝛽― (𝑟21𝑟23𝑡12𝑡23)𝑒𝑖𝛽 + ( 1𝑡12𝑡23)𝑒 ―𝑖𝛽
Similarly, the overall transmission coefficient, , is𝑆21
(9)𝑆21 = 𝑡 = (1 𝑆21) ―1 = ( ― (𝑟21𝑟23𝑡12𝑡23)𝑒𝑖𝛽 + ( 1𝑡12𝑡23)𝑒 ―𝑖𝛽) ―1
After algebraic simplification, (8) and (9) are expressed as
(10)𝑟 = 𝑟12 + 𝛼𝑟23 exp(2𝑖𝛽)1 ― 𝑟21𝑟23 exp(2𝑖𝛽),  𝑡 = 𝑡12𝑡23 exp(𝑖𝛽)1 ― 𝑟21𝑟23 exp(2𝑖𝛽)
where  is .𝛼 𝑡21𝑡12 ― 𝑟21𝑟12 ≈ 0
Each transmission and reflection coefficient (tij and rij) were obtained through numerical simulations (CST 
Microwave Studio) modeled with the only corresponding layers (i.e. air / Au-SPG model for r12, r21, t12, t21; poly(S-r-
DIB) / silicon substrate for r23, t23). In Fig. 7, the amplitude and phase of reflection and transmission coefficients of 
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I 
I 
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I I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
ACCEPTED MANUSCRIPT
13
bilayer Au-SPG film based on the intended design (Fig. 7a and 7c) and the actually imprinted geometry (Fig. 7b and 
7d) were evaluated and compared. The modified model to simulate the imprinted geometry is shown in Fig. 8.
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Fig. 7. Amplitude and phase terms of reflection and transmission coefficients obtained from the numerical simulations 
of (a,c) ideal-shaped bilayer Au-SPG film (designed gratings: rectangular cross-section without the sidewall 
deposition) and (b,d) fabrication-induced bilayer Au-SPG film. The geometric imperfections lead to slight differences 
only in the related parameters ( , , , and ), whose decoupled configuration contains the bilayer Au-SPG at 𝑟12 𝑟21 𝑡12 𝑡21
the interface (Fig. 6).
50
𝑝 =1000𝑤 = 250
60
𝑡￿￿ = 300
100
200
100
50
50
Units: nm
ACCEPTED MANUSCRIPT
14
Fig. 8. Modified grating geometry for computational simulations of the actually fabricated bilayer Au-SPG.
The multiple-layer model based overall reflection and transmission,  and  in (10), match Rcal = |𝑟|2 Tcal = |𝑡|2
well with the CST simulation results (  and ) (Fig. 9b).  also shows similar trends to the FTIR measured Rsim Tsim Tcal
TM transmission shown in Fig. 5a. However, the peak locations of simulated and calculated transmission are found 
to be slightly shifted from the FTIR measurement. The peak in the FTIR measured TM transmission spectrum is at 
3.7 µm while the theoretical results  have peaks at 3.6 µm. This discrepancy may be due to the imperfection from Tcal
the fabrication process.
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Fig. 9. (a) The multiple-layer model analysis.  are the reflection and transmission coefficients, respectively, 𝑟𝑖𝑗 and 𝑡𝑖𝑗
where the subscripts i, j indicate the layers. (b) Overall reflection ( ) and transmission ( ) obtained by 𝑅 = |𝑟|2 𝑇 = |𝑡|2
the multiple-layer model (symbol) and CST simulation of the entire structure (solid line). The comparison was made 
based on the designed and the fabricated sample dimensions. (c) Phases ,  , , and  used in the FP 𝜙(𝑟21)  𝜙(𝑟23) 𝛾 2𝛽
cavity resonance condition.
As shown in Fig. 4e, the SEM cross-section of polymer gratings is not rectangular, and the bottom Au film 
is curved up and deposited on the sidewall of gratings. Of note, the profile of nanoimprinted polymer is affected by 
process parameters including polymer thickness, aspect ratio of printed structure, and thermodynamic properties of 
polymer [43,49]. In this study, the significance of those fabrication imperfections caused by the materials and 
fabrication method was further investigated by the simulation and multiple-layer analysis based on a modified model 
reflecting the fabrication imperfection (Fig. 8). The comparison of R and T obtained from the designed model and 
fabricated model shown in Fig. 9b reveals that the overall characteristics are not much affected by the fabrication 
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imperfection (i.e., the round grating edges and sidewall deposition). On the other hand, the transmission peak intensity 
is slightly diminished and shifted toward 3.7 µm, which is closer to the FTIR measured TM transmission.
Multiple reflections between two interfaces (Au-SPG / poly(S-r-DIB) film and poly(S-r-DIB) film / silicon 
substrate) can cause the TM transmission intensity to increase when the FP cavity condition is satisfied, i.e., the 
constructive interference inside poly(S-r-DIB) film is occurred by (11).
(11)𝛾 = 𝜙(𝑟21) + 𝜙(𝑟23) ―2𝛽 = 2𝑚𝜋 for |𝑚| = 0,1,2, ….
where  is the round-trip propagation phase inside the poly(S-r-DIB) film and  is the phase of the reflected waves at 𝛾 𝜙
the interfaces.  and  were obtained with CST simulation with the models based on the dimensions of the 𝜙(𝑟21) 𝜙(𝑟23)
designed and the fabricated samples (Fig. 9c). The FP resonance condition of  is satisfied at λ = 3.5 µm 𝛾 = ― 2𝜋
(designed sample) and 3.6 µm (fabricated sample), which closely match with the location of the transmission peaks 
calculated with the simulation and multiple-layer model. This indicates that the enhanced transmission is mainly 
attributed to the FP cavity resonance inside poly(S-r-DIB) film, satisfying (11). Note that the peak wavelength of TM 
transmission is slightly shifted from FP resonance wavelength resulting from the coupling between SP and FP 
resonances [50]. As shown in Fig. 9c,  is predominantly controlled by the propagating phase factor  since the phase 𝛾 𝛽
changes in  and  are negligible along the wavelength. Therefore, the poly(S-r-DIB) thickness (i.e. ) should 𝑟21 𝑟23  𝑡𝑠𝑓
be carefully tuned to obtain desired characteristics in the target wavelength realm (i.e., MWIR). 
The calculated round-trip propagation phase ( ), the simulated TM transmission and extinction ratio ( ) are 𝛾 𝜂
color-mapped as a function of the poly(S-r-DIB) thickness ( ) and wavelength ( ) as shown in Fig. 10. The FP 𝑡𝑠𝑓 𝜆
resonance conditions (  with a step of 2 ) is indicated as dash lines in Fig. 10a and 10b, respectively. It 𝛾 = ― 8𝜋 to 0 𝜋
is important to note that the dash lines of  (FP resonance) are overlapped well with the peak locations as indicated in 𝛾
the Fig. 10b in the wavelength range of 2-6 µm. Fig. 10b and 10c provides the design guidance for the thickness of 
poly(S-r-DIB) to achieve high transmission efficiency and high extinction ratio at the target regime (e.g., MWIR, 3-5 
µm). According to this analysis, the first order FP cavity resonance ( ) at   1 µm was the 𝛾 = ― 2𝜋 𝑡poly(S ― 𝑟 ― DIB) ≅
suitable design to realize the broadband polarizer for the MWIR region. 
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Fig. 10. Color maps of the round-trip propagation phase ( ), transmission ( ), and extinction ratio ( ) for the TM-𝛾 𝑇 𝜂
polarized incident light as a function of the poly(S-r-DIB) film thickness  and the wavelength. (a) The 𝑡poly(S ― 𝑟 ― DIB)
dash lines indicate where the FP cavity resonance condition of  (with  step) is satisfied. (b-c) Simulation 𝛾 = ―8𝜋~0 2𝜋
of TM transmission ( ) and extinction ratio ( ). The dash lines connect the local maxima with the given film 𝑇𝑇𝑀 𝜂
thickness. Black horizontal line indicates  (thickness of poly(S-r-DIB) film) = 1 µm in the experiment.𝑡𝑠𝑓
4. Conclusion
MWIR polarizer with high transmission efficiency and extinction ratio were successfully demonstrated for 
MWIR optics with the recently invented sulfur-based polymer material. Advantages of polymer manufacturing include 
the use of cost-efficient and scalable nanoimprint processes to fabricate the MWIR polarizers. FTIR-measured 
transmission of Au bilayer gratings fabricated on the poly(S-r-DIB) film showed a high extinction ratio in the MWIR 
regime (208 at 3 µm, 176 at 4 µm, and 212 at 5 µm). Through the computational simulations and the multiple-layer 
model, the enhanced transmission was found to be strongly related to the FP cavity resonance mode within the bilayer 
Au-SPG film. According to a higher extinction ratio means a better polarizer, the prepared polymer based MWIR 
polarizer achieved the extinction ratios about 200, while the extinction ratio of commercial holographic wire-grid 
polarizers based on BaF2, CaF2, KRS-5 or ZnSe is generally 150-300 in the same wavelength region. This promising 
result allows us to expect that further design optimization study, which is a following research topic, will lead to the 
polymer-based MWIR polarizer with comparable or better optical performance than the current commercial products. 
Optimization of the polarizer will require the knowledge on the relationship between the transmission/reflection 
behavior of the Au-SPG and the design factors, including the grating pitch, width, poly(S-r-DIB) film thickness, and 
the height of SPG. This optimized polymer-based polarizer would significantly reduce the cost of IR sensing and 
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imaging system while offering superior performance (i.e. high TM transmission and extinction ratio). Further, in order 
to apply the presented polymer-based MWIR polarizer in actual IR sensors, the technical challenges in manufacturing 
such as scaling up the grating area should be address in the following research. The study herein could also be broadly 
applied to develop other low-cost, durable, and characteristic adjustable MWIR optical components, such as band-
pass filters, by using the sulfur-based polymer materials with different properties from traditional polymers or natural 
polymeric products [51-55]. 
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ACCEPTED MANUSCRIPT
Highlights
 The first polymer-based mid-wavelength infrared linear polarizer was built with sulfuric polymer film.
 Current mid-wavelength infrared polarizer optical elements are based on expensive and fragile inorganic
materials.
 Transmission and extinction ratio are comparable to commercial products.
 Both computational simulation and analytical model confirmed the enhanced transmission efficiency and
extinction ratio.
 Advantages of the polymeric material allow low-cost and scalable manufacturing
